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A SHOCK INITIATIONSTUDYOF PBX-9404

JerryWackerle,R. L. %bie, M. J. Gins&rg, andA. B.
LosAZamo8 Scientific I&oratory, Los Alanm, Neu Mexico

Anderson
8?54S$USA

Pressure-fieldhistoriesduringthe sustilinedand
short-duration shock initiation of PBX-9404 explosive
(plastic-bonded HMX) havebeendetermined with embedded
Mangunin gauges. Numerical integration of the conserva-
tion relations anJ an assumed equation of state are used
to obtain the decomposition histories during the initia-
tion process. In both cases, this process is effectecl
by reaction originating near the impact face producing
pressure pulses that overtake the shock front and enhance
its strength, leading to an abrupt transition to Detona-
tion. Correlation of reaction rates to state variables
suggest an Arrhenius rate form, modified to include a de-
pendence on shock strength and an induction time. This
rate is used in computer simulations of several other
initiation experiments orlPBX-9404.

1. INrKmucrmN

Thephnar shockinitiationof theplasti&bond&iHMXexpl.osivePBX-9404
hasbeenthe sbject of nuneml~ experin=talandtheoreticalinvestigations.
Experimntd.studieshaveestablishedthedependenceon inputah- strength
of the tixesanddistancesforbuildupto detonation~l~2or “popplot”dataf
andhaveprovidedxneasux~ts of how theseparamtersincreasewith short-
duratia shockinputs.3~qOtherpreviousobservationshaveincludeddeter-
minationsof the f~e smface motion~spressurehistories16andparticle-
velocityhistories7in inertmaterialsdue to wavestransmittedfromshocked
explosivesarrplesof thicknesslessthanthe rundistame to detonation.
Theoreticalstudieson PBX-9401havecenteredmainl:yon ccxrputersimulation
of theseobservationswithone-dimensionalnumricalhydrocodes.4t~-10Such
~utations *R a zeactant-p~uctqation of stateforthe explosiw
and relationshipsbetweendecompositionratesandtheotherbulkstab vari-
ables. Such“ratelaws”aredevelopedeitherbyan analysisof shockbuild-
UP behavioror~xmre cammlyt are based on theoreticallypostulatedfornw,
with variousconstantserrpiricallyadjustedto obtainthebestsimulation
of observations.
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IUxmtly,moredetailedi.nfomntionon the shock-induceddeccqosition
and initiationof PDX-9404hasbeenprovidedby nwsurcrrcntswithUSded
Manganinpressuregauges.g8q~ Su& datanot onlymakemorestringentdemands
on thepostulatedrate1*s8 but also allw a p=xlure forderivingthem.
In thisprocedure,thegaugedataare usedto establisha pressure-field
h~storyduringan initiationexrimmt, and a direct,or Iagrangian,
analysisis usedb calculatithedensity-andenergy-fic~ldhistories.]2
Assurrptiaof a reactant-productequationof stateallu~scalculationof
thedecompositionand reactionratesoverthespace-tireregioncoveredby
the analysis.If a position-independentcorrelationof the ratesto other
?tatevariables(andtheirrateaof change)canbe found,an enpirica.1.rate
lawcanbe formulatd. Usedin a mnputer sinmlaticm(withtiesam equa-
tionof state), SUC!!a ratedepmknq shouldat leastreturnthe observa-
tionsprducing it. If theanalyzede~imnts iIIchidea largeenoughrange
of thexnmdynamicrenditions,and if judiciousmnsiderationis madeof su~
plenmtal initiationanddetonationinformaticxlon the explosive,therate
formation nmy h effecti= fortheconputersimulationof experiments
quib differentfrunthoseusedta &tain tieratilaw.

In thispqxarwe reprt theuse of such a pmcedurc to derivean enpiri-
al rate1- for theshodc-indti deaxpositionand initiaticmof PBX-9404.
As describedh thenextSection,thenecessaryexpximentswereperformd
at a sing”kshed stra@, Wing bothsustainedandshort-dura+tionshock
conditionsto initiatetheexplosive.In SectionIII,thedirectanalysisof
theseexperimen~is presented,and the decoqpsitiondynamicsof thetm
-es mrrpmd. The correlationof thecalcula= reactionratesto pressure
and temperatureis examinedand an qpiricalrate1= is fommlatedin section
IV. me abiliq of thisrateformto yieldconputcrsimulationsof bothour
obsenmtionsandmanyof thosecitedearlieris demonstratedin Sectim V
and discmsed in SectionVI.

II. ExE’mmmrs

Our e~i.rr=kai nEth03sWeresimilarto thosereportedforourprevious
studyof high-densi~PEI’N.12 The s~cific arranqmmt usedforenbedded-
gaugemas urerrentein PBx-9404is sham in Fig.1. ~ co~r flyerand a
O.55-tivs projectileveltity provides a 2.9-GPainputshockstrengthin
all experimmts. A solidalminum projectilefacedwithan 8-Hun-r
platewas usedin tie sustainedshockexperinmts. lthee@nsive targetaa-

~ senblywas changedf ran the mltilay= configurationusedptiously to
alkw gaugesb be locatedat.fourdifferentlevelswithoutrequiringthe
reactive*o& ti transitmorethanonegaugeassembly.-UgSS were located
at positionsbee 1 and 8 m from@Mct~ all lessthanthew10-rrrrIdiG-
tamx to destinationexpzctedwith a sustained,2.9-GPainput.

* sam, 50-% Wganin-grid gaugeswereusd as in ourpreviouswrk,
yieldingpresmre neasuremntswithabout5%accuracy.]3 As discussd in a
noteaddedto F@f.12~ suchgaugeshavegivenrecordswithconsistent,but
anomalcm,prmaturepressuremaxim% a~tly dueto shunt conductiti~
in thegaugesssenbly.Thisartifactinitiallyledus to believethatde-
compositionof PEX’Nwas tite~t~ whenonly partiallyreacted.We belie-m
we haveavoidedthiserrorwitiPBX-940~W usingthickerplasticinsulation
{0.1nm insteadof 0.05m) in -t irIstances,and in not using latestages
of the recxxdsin the analysis.As seenin thenextSection, we findno
evidene of “interrupteddeOMFOSition” in the presentwork.

Gauge remrds forthesustained-shockexperiments,shwn laterin .ssc-
tionIV,displaythepressureexcursionssimilarto thoseforhigh-densi~
PE71N,rising HDre rapidlyandattaininghighervaluesas thedepthintothe
sarfp~eincrxqses.~cck-frentanplitude~alsoincreasewithde~th,
consistentwithp=vious explosive-wedgeandwave-transmissioncbservakions.
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Pressurehistoriesfora O.33-Pspulse (clefinedas the timeforthe
leadrarefactionto entirtheexplosive), generatidwith a O.76-Irsnflyer,
are shum fornominal1-, 3, 5-,and 7* depthsin Fig.2. Here theshock
strengthis seento decay-r the run&stance covered,againconsistent
witiearlierobsemtions. 7 Hcmver, afteran initialdecaydue to theovep
takingrarefacticm,thepressureprofilesallshm an jncrease,presurwbly
due to decapsition. It was assuredthatgivensough run distance, this

inputamditionwouldleadto initiationof thePBX-9404.!Ms was confiml
with an explosivewedgeexperimnt,that~ the O,33-uspulsepL--uced a
nndestdecayin the shockfrontin the first10nunof run,followedby a
growthant!an abrupttransiticmto detition at w14.5 m.

Zb ccmpletethe informationneededforthe Xrect analysis,impact-face
pressurehistoriesweretitainedby nmuntingexplosivebanpleson thegun
~motitis and firingthemintocoppr targetsfacedwithManganin-gauge
. librtiesustained-shod’case,&is pressurerecordalsoproviikxl

an impact-iaosParticle-vetity history,as thisparanetermust follm the
kncwncompressionisentropeformp~r. Thisis nottruein t!!!!eshortshocK
case. Consequently,we masured the f-surface velcci& historyof a
O.76-inn q= platestru~ witia PBX-9404flyer,using* streak-camera
reflection techniqu.5 Ncqlectingthemupession of the co=psrflyer,this
determinationapproximatestheinpact-famveloci~historyneededin the
directanalysis.

III.DIRECTIUWLYSISANDDKUMPOSl?I’ICNDYNMUCS

Oux directanalysisof thegaugedatais an inprovedversionof that
descri&d in I&f.12. Thepress-field histories,p(h,t),are definedin
Lagrangianmordinatesby interpolationthroughthepressure-tinerecords
afforded~ thegauges. Evaluaticmof p~sure gradientsandtim integra-
tionof thencnentunconservationrelationprovidetheveloci&f ieldhis-
tories,u(h,t). Evaluationof theparticle-velwi~gradientsand integra-
tionsof’thenwssad energyoonsemationrelationsprovidea carpletehis-
toryof thecompressionandenergyfields[~(h,t)ande(h,t), where
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g=l - Pf#P1 P ~in9 tied==ity] over the spat-timeregim ~w
dab. ou analyslsis ccmductedin a mmput.erprogramconstructedMU* like
a a~dinmsional nuneriml hydrccds~ witithe spacescaleof thecbsema-
tionsditidedintosmall (typi-llyO.03-ntrI)incrcnmk or cells,andthe
mnservationrelatiasnumericallytitqratedin small(typimlly10-ns)
tim q?cles. me gaugerecordsare idealizedas shq, sheds and fitted
with smoth fumtions. Statevariablesat theshockfront am mnstxained
to evolveas determinedby ~rical fittingof gaugeand explosi~
dataand as specifiedby theHugoniotrelationsaml theknam, unreacted
HugoniotforPBX-9404.

ti analysisis quitesensitiveto theinterpolationof thepresgure
databetweena fkwgauges. Withpressuresspecifiedby data,the~tation
of th ikonpmiticm fieldlA(h,t)(where~ = O forunreactedand= 1 for
fullyreac+-4), ~ depndent qmn”thecalculatedcompressionhistories,
whichin turnessatially-d cm thesecondderivative,or cunmture,of
the pressure-distanceprofiles. In ourpresentanalysis,theslopesof t.e
pressmdistanm profilesareconstrain&lat theendpoints(usingnunmtum
mnsenation and velcdty histiries at the inpactfa= a ,dshock-dxange-
lationsand h asswptianof no reactionat the shockfront),but are~
bitrarilyfittedwithcubicspl.inesin thein+~rior.Suchalgorithmmini-
mizethemagnitudesof the cunmtures,andthusredu= ut:mntedexcursions
in the calculatedcompressions;however,thisinposesno physicalconstraints
on tie compressions.Along with mas u.rwmt error,thisis responsiblefor
som armalies in the qression anddeposition profi.lesand the scatter
in the reactionratesshcwnlater.

w principalinprovemnt to our analysisis theadditim of various
equation-ofis-teformulationsto thecomputerprogram,allowingtheconven-
ientcalculatimof tie degree of decompositionand reactionrates. In the
W* reportedhere?we used*’S ml!equationof shte.a Ii-lthis~
resentaticm,Mi-Gr&ism formsdescribeboththeunreactedsolidand fully
reactedprod-~ .uskg~re~dvely, theshmk Hugmiot anda EKW calcu-
latedisentmp as referencelmi. Constantspecificheatsark SSSUIA for
both_nenf23. Zlw reactant-prdwtmixtureis determinedby the assump
tiomsof idealmixingof botispecificvolumeandenergyandof pressure
and ~rature* equilibriumbeti thetm phases. w Im constants*
forPBX-9404am * sam as thosedes~ibedin Ref.8, exceptthatwe enpky
an unreacted~ratherthanthe reactive,Hugmiot forthe solid. w use the
uhoc%veloci@-@cl.e vdwity d.ation

u = 2.423 + 1.883 U (m@) .

Eight pressurehistoriestirtiesustained-shcckexperinmtsand six
gauge=axds forthe short-durationinputwereusedin thedireotanalysis
of experimentstk!scribedin SecticmTI. Thepressures,ccqmessionsandde-
ampositicmsdeterminedarecapered h Fig.3. Thesevariablesaxedis-
playedin the laboratory(Eulerian)distancefram, in snapshotstakenat
0.2%LM intenal-s,withtie Imt profileat 2.5IJSafterinpact. TIE dashed
curvesindi=te * evolutionof theshcwkfrent.

The SUS**** Mtiatim behaviordisplayedshouldbe recognized
as thatcharacteristicof heterogmmus explosives.Decollposition~
firstnearthe ivct faa~ folltig an inducticmtim aftershodkpassage.
A pressurepulseis foa nearthe inpactfa=, _ andpropgates

While this formktion of ~rature is sensibleh a hcmgeneoua
for heterogeneous =@=iv= it is, at hst, an ill-clefinedaverage
eter,andprobablym~ ~~r thanthetemperaturesof thelmtspots
ing thedeposition.

material,

!i%?2-
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forward,overtakincj & sh+c frontand increasing its strength. AS the
shod anplit@e grmJs,tk reductiontirefortheonsetof decompositionis
reducedand the reactionrate (asmnifestedby the separationin deoonposi-
tionprofiles)is substantiallyincrcas~. %is resultsin theabr@ tran-
sitionto detanationat W shockfrent. Withthistransitionoccurr”
about1 m and 0.2 PS beyondthe last (2.5-]1s)profile,it seem like~gthat
fullreactionoccursat the frentbeforebeingattainedneartheinpactfaoe.
Whilethe inpact-faoedecompositionis keingslumd s-at, probablydue
to the depletionfactor,them is no indicationit wil1 be i.n~rrupted.‘Ihe
compressionpictureduringthesustained-shockinitiationprocessis oneof
nudestexpansionsnearthe impactfaoe,due to decelerationof theProje-
tile,andof a mnpressedregionnearthe shockfrantdue to thepressure
pulseadmncing intirelativelyconfinedmaterial. ~ late-tiredip in the
ocnpresshnprofile~und 4 m fromirrpactand theaccompanyingstructure
in tie reactmn profilesmayVA 1 be anomaliesof thedirectanalysis.

The strikingfeatureof theshort-durat~.onshockanalysisis thatthe
decompositionproducedneartk @act faceis mrcparableto thatproduced
by the sustainedinput. -ever, withthetltiflyerprovidinglittlecon-
fin-nt, the effeetor the reactionis to expandtheexplosive,holdingthe
pressuresto relativelytiest levels,and initiallyallming theshmk
fronttrldecay. Presmably,as reaction-accursdeepertithinthe e@osive,
self-cunfinemntwill all~ formationof a rroresubstantialpressurepulse~
Wh.i&-at an addednm distan.~11 0~ and s~gthen the shodc
frontandeffeetthe transitionto detonationmch as witha sustained~.
Unfortunately~Our presentgaugedatado not rovera sufficientspatial
rangeto demonstratetiisprocess.

The omparisms in Fig. 3 aloneprovidea fairlydescriptivevkw of
the shcckinitiationprocessin PBX-9404,anderrphasizethedminant roleof
the shcdcstrength,andtherelativeuninpmtanceof subsequentpressure
history,in determiningthedeccqositionb&avior. Thesefeatvreswill&
mm mm evidentin tie followingSection.

Iv. DECWPOSITIONRATE~RRELATIONSAN(IEMPIRICALRATELAW

I@actia rates,divided~ thedepletionfactor,(1-X),werederived
frm thedirectanalysisof our twocasesandareplottedagainstpressure
and temperaturein Fig.4. The s&i.ngsof synknlsarecalculatiat the
indicateddistanm frunirrpactat O. l-usb intervals,withtine~-al-
ly increasingas theratesincrease.

Emminatianof tiepresmre mrrelationof the sustained-shockexperi-
rrentshcm thatafteran inductim-~ thecalculatedratesliein a reason-
ableband,inplyi.ngthata sinplepressuredep&nt ratewouldtreatthis
-e. ‘h curvedram m thegraphis theForestFixeformthathas ptide3
gmd ~uter sindatims of a varietyof strongshod initiationanddetm
natim failureQbsemations.6 Thisrateformlatim was developedthrOUgh
considerationsof s~gkc~ buildqp- theeffectof ~ition m
shO& frentevolutiff.;it is mlibratedto Pop-plotdata,andconseqmntly
to nore~ressd, lmr temperatureconditionsMat we havein the later
stagesof ourexperimnta. Fbresthas usedhis ratein a cmputer sirnula-
tim of our sutah*sl=k experi.mnt.14Whiletieshockfrontgrowthwas
somwhat s-ger andf. VSSUR profileshadmre of a grcwing-squ-
wave dmramr ti~ ~ o~emtims timte~ thedecompositionhistorywas
quitesimilarto thatshwn in Fig. 3.

Withour analysisof subs-tial.reactionat molest-evendecreasing--
pressuresin the ehort-skckcase,it is not suqyisingtiatany sinple
pressure-dependentformfailsto correlateto thecalculats3rates,and
particularlynotone calibratedto state-ditions so remte fromthoseof
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our experimentas ~mst Fire. Quter sinuilatimof our sho&sho& ex-
~rimnt withthisrategam surprisinglygCcdagreemnt withOuL-&serwd
14.+mn rundistanm to detonation.However,thepressureanddecomposition
historieswereq“aitedifferentf- time of Fig.3. TheForestFirecan-
putatim gavea relativelymolestamunt of reaction,.triangularshapedpres-
sureprofiles,and a SIWF butnmotcnitily-in-asing, growthat the shock
frent.14

Correlationsof ‘hecalculatdde~ition ratesto _rature are
shw, in an Arrheniusform. Againallmtig foran inductiontine,mst of
tiedeccnpmiticnratisforbothcasesliewithtia reasonableband,and can
be fittedwiththesamesolidline. Theexpressionforthislineis

I

I

I

i/(1-A)
-1200/T= 1,42 e (lls-l)
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whereT is the temperature.‘IWOp-lem withthisratefom remin to be
mmected. ~ fi-mtis thatan induction-tirefactorneedsto be added,
and the secondis bat the rateis mch ta>smallforstinger shockproblem.
For exmple, a detonationwavein P~-9404 wouldhave,withtieakoverate,a
~1-xnnreactionzonethickness,Whitiis kncwnto be an orderoi magn.i~ too
large. What is needed,of muse, is the depmdenceon shodcstren@ dis-
cuesd in the previousSection.The formof thisdeem is suggestedby
correlationof ratescalculatedfor& sustainedshodc6 mn frorninpact~
indicatedby the dashd linein Fig. 4. The fact that this linehas thesam
slopebut a largerinterceptindicatesthatwe shouldretainthe aboveacti-
vationtaperatureand increasethepm-exponentialwitha functionof shock
Slxength.Sinoethe ahodcanplitudeafter6 m runis abut 40%higherthan
at gaugesbetweenO and 4 m, and the interceptof thedashedcume is about
tiiceas 1- as Mat fittingtieotherrates,a shock-pressur~squaredde-
mn~ is suggested.

With thesefactorsconsidered,our rateformis

i/(1-a) -1200/T= Z(ps)”G(p,t) e # (lls-+

where

z = 0.17p: , (us-l)

-O.5/1G=e , p> 0.75GPa;G= O, p 5 0.75@a

witi

J
t

I(p,t)= (F0.75)2 dt’ .

-o

lkrep~ is theshti pressureand tieconstantsare chosenappropriateto
timein microsemndsandpressuresin gigapascals.The factorG was chosen
ratherarbitrarilyb giveinductiontinesthatarestronglyreducd with
shti strength,u bothour analy- andshti-evolutionstudies’indimte.
It provides90%of the fullratein about1 vswitha 2.9@a pressureand
in about0.05E with 10 GPa.

v. mMPUIER SIMJLW’IONS

Our ccmpuber shmdatkns were perfom with Fickett’soredirm sional
numrical hydromde~PAD.1S Particularlyvaluablef~tures of thisprogram
includedM autanaticadjus=t of tim Wcles to insurestability(espe-
ciallyusefulforour pmjectil-inpa~ palx), m a@ri~ ti 1-*
the shd frmt (attiecellof maxirunartificialviscosi~)and determine
its strength,andprovisim foracmmmdating alternateequationsof s&lte.
A recently@roved mrsion of _ was usedwitiWs lastoption.1q We
alsoinplemnteda fewmdificatiom neededforourparticularrate1-.

Simulationsof the twoexperimentalconfigurationsusedto calibrate
our ratelW bothgaved.istan=to detonationwiti 0.5mn of those&
seined,andgave* comparisonswitiselectedgaugerecordsshcn?nin Figs.
5 and 6. The agreemntis goodenoughthatit is necessaryonlyto indicate
the smalldeficiencies.In the sustainedshockcase,tie~lated shock
stren@ at * 8-rITf!gaugeis slightlyl~mr thm thatobsew@, and the
calcula~dpressureexcursions--particularlyof thedeepergauges--arenot
as rapidas thosemasumd. Simulationsof theshor&shock~rimnts did
not giveas - reductionin shmk strengthandin irrpact-facepressure
hismzy as cbserved.



Time after impact (~s)

Fig. 5. Comparison of conputer
simulation (dashed lines) with
observation for sustained shock.
Gauge sites are naninal O, 2, 4,
6, and 8 runfran impact.

Time after impwl (~s) ,

Fig. 6. Ccxnparisonof simulation
with observation for a O.33-]1s
shock input. Gauges are nominally
O, 3, and 7 nrnfran impact,

~ addition to the short-shockconfigurationusedin the analysis,we
alsoperfozmsdmbedded gaugeexperimentsat 2.9GPawith 1.02-and O.51-nzn
copperflyels. Bothof theseexperimentsgavepressureexcursionsindi-
cativeof’reaction,and canputersimulationsof eachcasegavethe sam
good match to obse~ation, and sane siig:~tdeficiencies,as obt%inedwith
the O.76-nunfiyer.

AS noted in the Introduction, if our direct analysis is piqxwly pep
forned and correlations are found, our procedure slzouU return conputer sim
ulations of the calibrating observations. This is true even if the obsema-

tions themelves and the assured state equation are seriously in error!
Nbre stringent tests of the rate formulation are afforded by attempts to
simulate experirren= at shock and state conditions quite different from ow
Cx?n. Our principalsuchtestswereccnputationsof initiati~le~rimsnts
withhigherpressuresustainedand short-durationshocks,generatedwithalu-
minwnflyers.

The resul= of thesetestsares~iz~ withreferenceto Fig. 7.
!he solidcurveis thecurrentbestconstructionof a Pop plotforLOS
@ares dataon PBX-9404,2‘1q usingtheunreactedHugoniotdescribedearlier.
Our calculationsof sustained-shod:distancesto detonation,shcwnwithaut
nurrberlabels’arein excellentagreemntexceptat 2 @a, forwhichwe COW
putea SL@tly longer run distance. At tie right-hand side of Fi . 7 a=
cmpaxisons with the short-duration shock experiments of Gittings.

? With a

2.o-lT#)Jsflyer Veloclty,* ::he~seti increased exCeSS traIISit *S With

We have used the reported flyer velocities b determine the shock pres-
sures sham in Fig. 7; pressures given in R?fs. 3 and 4 are slightlydif-
ferentdue to theuseof di.fferentHugoniots.
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O.125-mnflversandwiti O.22-ITInflyerswitha 1.6-@vs velociw. Ourmm
&e EiT&tions, labe= with thE-flyerthiclmessin millimte~s,shm ion-
cmased rundistanms. -ever,.we do notcalculatecs largean ic.creasem
exoesstransittineor as sharpa tmdency to failure~ Gittings’=ta indi-
cate. Similarly,in our simlationof ~t andJung’s6. 2-GPaexperimmt,q
usinga O.41-mn,1.2-mVus alhm flyer~we calculatea substantiallyin-
creasedrundistanoe~betnot ss * ss -ti. Amng ~ pointsplotti
forsinmlatimsandthe singledatunof our 2.9-GPashort-shdcexprimnts
is * calculatimof a 1> rundis~ fora 1.52-nTnalundnm flyer
traveling0.67@w; tis m~ ~ ~ ~t ~ fi~ b~l~ ~
detonatimdidmt occurin a 12.7-mnsanplethichess.h

Additionaltesb of our ratef~ “onwereafforddby simulations
of two typesof “pla&push” ~=~ - fi Fi9”8“ ~ fi~=tw=
oux cbsemationof a f=s’xfaoe Velmity of a 0.76- ccpperplatestruck
by PBX-9404,describedin Sectim II. As seenin the lowercumes, thesim-
ulatim is mu& bet~r thanthe 5 to 10%errorin theexperht. Addition-
ally,* computation~ti ~ inpactfacevelocityhiskmy to be nearly
identicalto tit at tie f- surf-r supportingouruseof suchas assunp-

uremnt in ourdirectanalysis.The uppertionk incmporating- mas
curvesrepresentour ~ti- of - experimentsby CraigandMarshall
(we Fig. 4, wf. 5), in whidi ~xa *6 were intrdu- into2.5-
and 6. 3-xm PBX-9404 sarrpbs,- thedecomposing,butnotdetonatedexplo-
sive a~lerated 2-rimW* Plexiglasplates. The mnparisms are gmd cwer
mst of * obse-tim b; thedisprityat latetiresmy be morein our
fail- to pr~rly s-* ~eir rather ~li=~ high-=q?~i= ~~g
systemthanhi the

Ouruse ofa
ratefom dictates

--
- reaction ratefomulatim.
shock-~kcengthdependenceandan inducticmtim in the
thatW steadydetonationscalculatedin oursinuilatims
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are of the Zeldovich-von Ne~-_ring (2ND)form. The HW equation of
state assures computationof a ~54-GPavonNmnann spikepressureand
m36-GPaChapmanJougetI (~) pressureJ withinthe rangeof acc&@ed values.1’
Mculated ~0.l-nunmactim-zone len9~ arealsomnsistit withaccepted
values. lthedeveloprmtof * full2NDConfigurationtypicallyoccurs
0.2 to 0.4 w afterthe shockfmnt has reachedCT pressure;attainmentrf
the CJ pressurewas usedas our cribrim forthe ml culateddistancest.u
detonationpresentedearlier.

VI. DISUJSSIUN

While our ~itim raw firPBX-9404 is purely enpirical,there
are stxongphmorrenol~=l ~ts to supprt somefeaturesof the forRul-
lat.cm A principalfeatureof the ratqformis thatthe deccqmsitionhis-
tiryof tie shockedm&rial be predeteimir.edby the strengthof the firsk
shod it experiences.Thus)it is conceptual similarto the “nucleation-

Xg-” modelsfam.redky otherinvestigators,~~10~17and cm be justified
with ti saneraticmale.The strongevidencegivenin Section111 forsuc]i “
a ~indumd demnpositi.onbehatioris supplementedby additionalobser-
vationson bothPBX-9404andhigh-densityPEI’N.Quartz-gaugeinpact-face
masuxemnti 12on thinsa@es of the latterexplosiveshcwedthatneither
reflectedsheds nor ret- rarefad on appreciablyalte~edthe reaction-
inducedpressuregrmth rateY~ * ad Kennedyfoundthe sam effectin PDX-9404
in the reflected-shockcase. In explosivewedgeexperimentson bothmm
psitions,we have foundthatpreshock.ingwith mall anplitudeprecursors
increasesthe LW diStSrlCStO dStOIlati~, rOUgh3-yby the distance required
fortie seccmd,initiatingwavetn overtaketheprecursor.

WhileuseofthesemndpWe.r Ofthedwckp ressuretither ate was
suggestidby our mrrelations~we were@& prepard to alterthispcwerto
get ~g-it With W ~ pl.Ot;Iih+ prOVed unnecessary. The effective,mss

5

.
0. ps fcmnimy m sore way be ~soaated with the related correlations of the

“2 dependcmcp T cntermn forshort-sha initiationandthe approximate p
of its tim to detmationto inputshockstrength.However,we”&licvc that.
atta&inggreatphysicalsignificanceti thepmer of two is unjustificd,
particularlyin notingthata muchlargerpmer is appropriateforthe $mi-
tiationcriteriain TA!IB.19

The inductim tim far is admi=ly themst ad hoc aspect of cm
ratefom Taylorhas shownthattheinductiontim forhots ts generatxd

Yby plastic work at voidperipheriesis proportional to ~p2dt.0 If a f~nito
yieldstrengthis addedto his mnsiderationof an idealvisccw fluid,th+>
mnstant pmsure stitractedin our inductiontim factorcanba juskifitd;21
hcxvever,a mlue as largess 0.75GPa would requiresureclaimsof work
nardming. The particular expmmtia.1 form of our G(pJt) was chosen quite
arbitrarily,andthe ind~on tirefactorof therateis a majoraspmt we
wouldhopeto betterdefinewithinpromdexperinmtsand canalysis.

Severalsinuilationsof initiatimphenomenain ~(.erogenmusCxplmivc:l
havebeendonewith~us ratiform, bothusedarbitmrilyzz and
_ on a graim or hole-burningthesis.4,17 s~~ ~ use a t.enpmmtum-

form quite inappropriate foran inhmugeneousmaterial,we findit diffi-
cultto believethatthisWinter is mm thana reprcmntatlm of the
averagestateof the~teri~ thatfortunatelycorrelatesto thedemlqxx~i-
Gon rate. ThisMew wa~ reinforcedby ourexperiencein executingth~
retireanalysis/simlatimpress withticrelativelysillI.cDIJNI’ImquL~ticm

?of state,15as wellas a quitediffe-t temperatureform;2 t-he~rhunills
ratecorrelationsandmatting of ~uter shutationswem nearlym god

as those deac.rihd above.
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